In the last century, gas phase plasmas gave birth to an array of photonic and electronic devices. A generation of electron tubes incorporating a rare gas or mercury glow discharge, such as the OA-OE series of switches, modulators, and rectifiers, were instrumental in the operation of communications and audio systems. For more than two decades, Nixie tubes based on low-pressure neon plasmas were the alphanumeric display of choice. A resurgence in plasma photonics is underway as a result of the recent development of microplasma devices [1] in which low-temperature plasmas are confined within a cavity. Plasmas have long played a central role in laser physics and technology and the development of plasma-based lasers in the XUV and X-ray regions, in particular, continues unabated [2] . However, the successful leveraging of micro and nanofabrication processes to miniaturize nonequilibrium (electron temperature ) neutral gas temperature) plasmas, combined with the benign behavior of microplasmas at pressures up to (and beyond) 1 atm, has opened the door to a series of novel photonic devices. Several highlights from 2010 illustrate the potential of this technology.
Wagner et al. [3] announced an npn phototransistor in which the collector of an Si bipolar transistor was replaced by a low-temperature plasma. By coupling electron-hole ðe À À h þ Þ and electron-ion plasmas across a potential barrier with a strong electric field, a hybrid plasma/ semiconductor transistor having a light-emitting collector was realized. It has long been known that both plasmas are described by virtually identical relationships for diffusion, drift, and recombination (for example), but this linkage has not previously been exploited in optoelectronic devices. Fig. 1(a) is a simplified diagram of the plasma bipolar junction transistor (PBJT) reported in [3] . One beneficial aspect of incorporating e À -ion plasma into an electronic device is that, because the background number density in the collector plasma is three to five orders of magnitude lower than those of most semiconductor crystals (such as $10 22 cm À3 for Si), the electron drift velocities in the gas phase are typically a factor of three to an order of magnitude or greater than those for its solidstate counterpart. For a plasma in 0.1 atm of neon ($100 Torr), for example, the electron drift velocity is 6 Á 10 6 cm/s for an electric field strength of only 500 V/cm [4] . The collector current ði c ÞVbase current ði B Þ characteristics of the PBJT [see Fig. 1 (b)] show that this device behaves as a phototransistor. Most significantly, [3] demonstrated that the collector plasma (and its visible/ ultraviolet radiative output) can be modulated and extinguished with G 1 V applied to the emitterbase junction. Thus, two drawbacks of plasma devices of the pastVphysical size and the requirement for hundreds of volts to modulate the plasmaVhave been overcome. The PBJT, as well as its microplasma-based photodetector [5] , [6] and electron-injected transistor [7] predecessors, appear to have considerable promise for displays and optoelectronic applications demanding visible or ultraviolet emission capability or exceptional power loading and thermal dissipation properties. Examples of the latter include the power amplifiers in cell phone base stations.
Tachibana, Sakai et al. have adapted microplasma technology from a different perspective to realize plasma photonic crystal (PPC) filters for the 10-100 GHz microwave region [8] [9] [10] . With a 17 Â 30 array of microplasmas having a lattice constant of 2.5 mm, for example, the Kyoto University group demonstrated a drop region near 62 GHz for both the transverse electric and transverse magnetic (TE and TM) modes. Owing to a bandgap in the À-X direction, a reduction of more than 80% in the transmission through the array was observed at 61.7 GHz. Inspired by the work of Tachibana et al., several groups reported [11] [12] [13] advances in PPCs in 2010, including the design of tunable filters. Fan et al. [13] exploited the formation of square, superlattice, and hexagonal PPCs by self-organized filaments in dielectric barrier discharges to design filters whose spectral characteristics can be modulated both spatially and temporally. For the hexagonal crystal structure, for example, bandgaps can be engineered for the TE mode at frequencies beyond 100 GHz for lattice constants as small as 1.7 mm.
A similar story is unfolding in applications of microplasma technology to lighting [14] . Fig. 2 is a photograph of a lightweight lamp being developed for general illumination, which comprises an array of microplasmas in tandem with a thin dielectric barrier plasma operating at a pressure near one atmosphere. Having an overall thickness G 4 mm and an active area of 6 Â 6 in 2 ð$ 225 cm 2 Þ, these Blight tiles[ offer luminance values of 12 000 cd/m 2 , a luminous efficacy approaching 30 lumens/W, and a color rendering index (CRI) above 80 [15] . In contrast with other emerging lighting technologies, microplasma lamps exhibit virtually no Bdroop[ in output with increasing electrical drive, even for luminance levels above 10 000 cd/m 2 . A standard 36 in 2 light Bengine[ weighs G 200 g and produces $300 lumens with an intensity over the entire surface of the lamp that is uniform to within AE5%.
Similar technology has resulted in the demonstration of small displays that are both flexible and transparent. Fig. 3 is a photograph of a low-resolution prototype display that was fabricated at the University of Illinois and incorporates an array of microcavities produced in a siloxane polymer by replica molding [14] . Each pixel comprises a microplasma emitting deep-ultraviolet radiation which, in turn, photoexcites a phosphor. Because thin polymer sheets are now available that are transmissive in the UV B and C regions, arrays such as that shown in Fig. 4 are also of interest for biomedical applications.
Closely related to photonic devices incorporating a plasma are those integrating a gas with an optical material or structure to yield a hybrid system offering new photonic functionality. In this vein, Benabid et al. of the University of Bath (U.K.) announced in 2010 the realization of compact multiwavelength lasers based on stimulated Raman scattering in hydrogen-filled photonic crystal fibers [16] . In these experiments, 2 m of Kagome photonic crystal fiber having an outer diameter of 130 m was driven by a 532 nm Nd:YAG laser providing 550-ps pulses and an average power of 25 mW. With 20 bar of hydrogen gas in the fiber, the Raman laser generated the 23 lines extending in wavelength from 353 nm (ultraviolet) to 712 nm (deep red) that are illustrated in Fig. 4 . The efficiency for conversion of pump power into the stimulated Raman lines was 60% overall, and the average spectral power density was measured to range from 130 mW/nm in the visible to 7 mW/nm in the ultraviolet. Both values are orders of magnitude larger than those available with conventional supercontinuum sources. One advantage of this single pass laser, relative to other Raman systems (such as the Si ring laser [18] ), is the overall gain that is available by extending the length of the photonic crystal fiber. As emphasized in [16] , applications of these multiline sources in biomedical diagnostics such as photoexciting chromophores for DNA sequencing or flow cytometry are particularly appealing. To that end, Fig. 4 (e) (reprinted from [16] ) shows the overlap of several lines of the H 2 Raman laser in the visible with the absorption spectra of specific biological marker dyes. It should be mentioned that the Bath group also successfully demonstrated the generation of slow and superluminal light in an all-fiber optical system by integrating a 20-m section of hollow fiber filled with acetylene. Pulse delays as large as 7 ns per meter of hollow fiber are anticipated, and the incorporation of this technology into fiber optical gyroscopes is expected to increase the single-tonoise ratio significantly.
Plasma-based optoelectronic devices have a long and distinguished history and the achievements briefly reviewed here are only a few of the recent milestones. All attest to a renaissance of photonics devices that combine the best features of microplasmas and nonlinear optics in the gas phase with optical materials to gain access to a new generation of systems.
